Pigment deposition is occasionally seen in hepatocellular adenomas. Several reports suggest that pigmented hepatocellular adenomas have increased risk of malignancy, but these tumors remain incompletely understood. To determine the frequency of pigment deposition, we evaluated and classified 109 well-differentiated hepatocellular neoplasms that were originally diagnosed or submitted in consultation as hepatocellular adenomas and found 27 (25%) pigmented tumors. All were negative on iron stain and in three cases electron microscopy confirmed the pigment was lipofuscin. The lipofuscin intensely stained with glypican-3 in most cases (89%). Of the 27 pigmented tumors, 11 cases (41%) were classified as hepatocellular adenomas, 7 cases (27%) were classified as atypical hepatocellular adenomas/hepatocellular neoplasms of uncertain malignant potential, and 9 cases (33%) were reclassified as well-differentiated hepatocellular carcinomas. Four (of 9) hepatocellular carcinomas arose in pigmented hepatocellular adenomas, giving a rate of malignant transformation in pigmented hepatocellular adenomas of 27%. Of the total 27 pigmented tumors, 78% were in women and 22% in men, but interestingly only men had tumors classified as hepatocellular carcinoma or hepatocellular neoplasm of uncertain malignant potential. Also of note, a total of 10 individuals (37%) had multiple hepatocellular neoplasms but in 9 of these cases the other adenomas were non-pigmented. Importantly, in cases with multiple hepatocellular neoplasms, only the pigmented hepatocellular neoplasms had atypia or malignancy. Genotype-phenotype classification of the pigmented tumors showed different subtypes: HNF1α inactivated (48%), β-catenin activated (26%), inflammatory (15%), concurrently β-catenin activated and inflammatory in 1 hepatocellular adenoma, concurrently HNF-1α inactivated and β-catenin activated in 1 hepatocellular adenoma, and unclassified in 1 hepatocellular carcinoma. In conclusion, hepatocellular adenomas with lipofuscin pigment are a heterogeneous group of adenomas, with HNF-1α inactivation being the commonest genotype. They have an increased risk of atypia and malignancy, especially in males.
Hepatocellular adenomas are rare; they affect 3-4/100,000 individuals in North America and Europe. 1 They represent a multifactorial disease in which gender (female), hormones (estrogen and androgens), and genetic predisposition have an important role. [2] [3] [4] The genotype-phenotype classification of hepatocellular adenomas, [4] [5] [6] [7] [8] recently recognized by the world health organization, 9 has provided valuable insights into the pathogenesis and clinicopathological features of hepatocellular adenomas. Certain variants of hepatocellular adenomas, however, are still not fully characterized.
For instance, although pigment deposition in hepatocellular adenomas has been reported in rare cases (often referred to as pigmented hepatocellular adenoma) [10] [11] [12] [13] [14] [15] and even rarer instances of hepatocellular carcinoma, 16, 17 the overall pathological features of pigmented hepatocellular neoplasms have not been well characterized. A total of eight cases of pigmented hepatocellular adenomas have been reported in the literature, [10] [11] [12] [13] [14] [15] but the phenotype of only two cases has been characterized. 10, 15 Furthermore, the malignant potential of these lesions is still unclear; as some studies have suggested that these lesions are essentially benign, 12, 13 whereas others have described atypia and malignant transformation. 10, 15 Finally, although believed to be rare, the exact frequency of pigment deposition in hepatocellular adenomas is unknown.
Hence, because these tumors are not well characterized, we reviewed 109 well-differentiated hepatocellular neoplasms to identify and further characterize pigmented tumors. The purpose of this study is to describe the overall frequency, phenotype, and risk of malignancy associated with pigment deposition in well-differentiated hepatocellular neoplasms.
Materials and methods
A total of 109 well-differentiated hepatocellular neoplasms (73 resections and 36 biopsies) originally diagnosed or submitted for consultation as hepatocellular adenomas or atypical hepatocellular adenomas (between 1990 and 2014), were retrospectively reviewed for intracytoplasmic pigment deposition within hepatocytes. We initially set out to include only cases with very prominent pigment deposition comparable to that described in the literature, but as we evaluated all lesions, we noticed that there is a spectrum of pigment deposition in hepatocellular neoplasia, with variability both in the amount and distribution of pigmentation. Although we aimed to characterize a distinct morphological group, we also realized that we had to account for this variability. Hence, we decided to include not only lesions with very prominent pigmentation, but any hepatocellular neoplasm with 'easily detected' pigment; any tumor with pigment identifiable at 100 × magnification was considered a pigmented neoplasm for the purposes of this study. Pigment deposition was then semiquantitatively scored as follows: 0: no pigment identifiable at 100 × magnification, 1: pigment present focally (minority of 100 × fields), 2: pigment identified easily at 100 × magnification (majority of 100 × fields), 3: pigment easily identified at 40 × magnification. On the basis of these criteria, 27 pigmented tumors (25%) were identified (24 resections and 3 biopsies).
All lesions were subjected to clinical record review and histopathological examination by three pathologists (TM, SY, and MST). On the basis of the histological features and blinded to all clinical data, the pigmented hepatocellular neoplasms were classified as hepatocellular adenomas, hepatocellular neoplasms of uncertain malignant potential, or hepatocellular carcinomas. A diagnosis of hepatocellular carcinoma was made if the tumor showed definite loss of reticulin, which was typically accompanied by significant cytological atypia, increased cell proliferation, and architectural atypia. Architectural atypia included thickened trabeculae, pseudoacini, or nodule within nodule growth. In contrast, hepatocellular adenomas had no cytological or architectural atypia, no increased proliferation, and no reticulin reduction. Tumors that showed focal atypical features, insufficient to make a diagnosis of hepatocellular carcinoma, but unusual for typical hepatocellular adenoma were labeled 'hepatocellular neoplasms of uncertain malignant potential'. To make this diagnosis, we followed the criteria proposed by Bedossa et al; these criteria include focal cytological atypia (small cell change or nuclear atypia) involving o 5% of the tumor or focal architectural atypia (pseudoglandular forms) involving o 5% of the tumor or focal reticulin loss. 18 Histological examination also included evaluation of the background liver for prominence of lipofuscin pigment in cases that contained sufficient nonneoplastic liver for evaluation (19 cases) . Lipofuscin deposition in the background liver was semiquantitatively graded (0-3) using the same criteria utilized for pigment scoring in the neoplasms.
A control group, consisting of 19 age and gender matched non-pigmented hepatocellular adenomas, was also subject to histological evaluation including evaluation of lipofuscin pigment in the background liver. Student's t-test was used to evaluate for difference in lipofuscin deposition between the pigmented hepatocellular neoplasm group and the control group; a P-value o 0.05 was considered statistically significant.
Special stains for iron and reticulin were performed on all pigmented tumors. All pigmented tumors were also subject to immunohistochemical evaluation with liver fatty acid-binding protein, β-catenin, glutamine synthetase, C-reactive protein, serum amyloid-A, glypican-3, and ki-67. Immunohistochemistry was performed using steam antigen retrieval and estab- A subset of three cases was also selected based on their pigment staining characteristics for evaluation by electron microscopy. Ultrastructural analysis was performed using formalin-fixed, paraffin-embedded tissue, which was deparaffinized, routinely processed, Epon-embedded, and stained with uranyl acetate and lead citrate. Thin sections were examined on a Tecnai 12 model transmission electron microscope (FEI Corp, Eindhoven Netherlands). Table 1 and Table 2 summarize the histological and immunohistochemical features of pigmented hepatocellular tumors. Of the 27 pigmented tumors, 11 cases (41%) were classified as hepatocellular adenoma, 7 (26%) were classified as hepatocellular neoplasm of uncertain malignant potential, and 9 (33%) were classified as hepatocellular carcinoma ( Figure 1 ). None of the hepatocellular adenomas had cytological or architectural atypia. In contrast, cytological or architectural atypia were encountered in hepatocellular neoplasms of uncertain malignant potential (29% and 71%, respectively) and hepatocellular carcinomas (67% and 78%, respectively). In the hepatocellular neoplasm of uncertain malignant potential group, neither cytological nor architectural atypia increased with age (Table 2) , and males had more architectural atypia (2 of 2 in males compared with 3 of 5 in females) and less cytological atypia (0 of 2 in males compared with 2 of 5 in females). The nine cases classified as hepatocellular carcinoma were all well differentiated. Four hepatocellular carcinomas arose as distinct nodules in hepatocellular adenomas, with the adenoma recognizable at the periphery of the carcinoma (Figure 2 ), giving a 'nodule in nodule' appearance.
Results
Most individuals (21 of 27: 78%) were women (hepatocellular adenomas: 11 of 11; hepatocellular neoplasms of uncertain malignant potential: 5 of 7; hepatocellular carcinoma: 5 of 9). None of the pigmented tumors in males were classified as hepatocellular adenoma, with 4 of 6 classified as hepatocellular carcinoma and 2 as hepatocellular neoplasms of uncertain malignant potential.
Individuals ranged in age between 18 and 60 years (average age: 38 years for all cases; 39 years for hepatocellular adenoma, 45 years for hepatocellular neoplasm of uncertain malignant potential, and 32 years for hepatocellular carcinoma). Tumors ranged in size between 1.5 and 21 cm (average size: 8.1 cm for all cases, 7.8 cm for hepatocellular adenoma, 6 cm for hepatocellular neoplasm of uncertain malignant potential, and 9.9 cm for hepatocellular carcinoma). None of the patients had significant background liver fibrosis/cirrhosis. Only one patient with hepatic adenomatosis had glycogen storage disease, but none of the other patients had known background liver disease.
Ten (37%) individuals had multiple lesions, ranging in number between 2 and 450. In this subset of cases, the pigmented tumors were classified as hepatocellular adenomas (6 cases), hepatocellular neoplasms of uncertain malignant potential (3 cases), and hepatocellular carcinoma (1 case). In 9 of the 10 individuals with multiple lesions, the other lesions were not pigmented and were all adenomas. Of note, in all four cases with hepatocellular neoplasms of uncertain malignant potential or carcinoma, it was only the pigmented lesions that were atypical or malignant. The non-pigmented lesions showed no atypia and no carcinoma. The only case of multiple pigmented lesions featured two pigmented hepatocellular adenomas (pigment score of 1 and 2).
Fatty change was present in 20 of the 27 pigmented tumors (74%); overall, fatty change was seen in 9 of 11 hepatocellular adenomas, 6 of 7 hepatocellular neoplasms of uncertain malignant potential, and 5 of 9 hepatocellular carcinomas, and was prominent (exceeding 67%) in 4 hepatocellular adenomas and 1 hepatocellular neoplasm of uncertain malignant potential.
The pigment was azonal in 21 cases, had a perivascular distribution in 4 cases (2 hepatocellular carcinomas and 2 hepatocellular adenomas), and had pericanalicular localization in 2 hepatocellular (2) 3 (3) 1 (2) 2 (4) 3 (1) 1 (4) 2 (2) Pigmented hepatocellular neoplasms adenomas. The pigment score was 1 in 44% of cases, 2 in 30% of cases, and 3 in 26% of cases. The pigment intensity score was 1 in 6 hepatocellular adenomas, 2 hepatocellular neoplasms of uncertain malignant potential, and 4 hepatocellular carcinoma. The score was 2 in 2 hepatocellular adenomas, 4 hepatocellular neoplasms of uncertain malignant potential, and 2 hepatocellular carcinomas. The score was 3 in 3 hepatocellular adenomas, 1 hepatocellular neoplasm of uncertain malignant potential, and 3 hepatocellular carcinomas (Figure 3 ). The intensity of the pigment did not correlate with patient gender, age, tumor size, atypia, malignancy, or tumor phenotype. All cases were negative for iron. The intracytoplasmic pigment showed intense granular staining with glypican-3 in 24 (89%) cases (Figure 4 ), but no diffuse cytoplasmic staining was observed. Ki-67 was very low ( o 1%) in 25 (93%) cases, and increased in 2 cases (2% in 1 hepatocellular neoplasm of uncertain malignant potential and 7% in 1 hepatocellular carcinoma) (Figure 4 ). Liver fatty acid-binding protein was lost in 14 of 27 cases, 9 cases had nuclear β-catenin or diffuse glutamine synthetase expression, and 5 cases were positive for C-reactive protein or serum amyloid-A (Figure 4) . The overall phenotype was consistent with isolated HNF-1α inactivation in 13 tumors (48%), which included 8 hepatocellular adenomas, 4 hepatocellular neoplasms of uncertain malignant potential, and 1 hepatocellular carcinoma. Isolated β-catenin activation was seen in 7 cases (26%), including 1 hepatocellular neoplasm of uncertain malignant potential, and 6 hepatocellular carcinomas. An isolated inflammatory phenotype was seen in 4 cases (15%), including 1 hepatocellular adenoma, 2 hepatocellular neoplasms of uncertain malignant potential, and 1 hepatocellular carcinoma. Concurrent β-catenin activation and inflammatory phenotype was seen in 1 hepatocellular adenoma and concurrent HNF-1α inactivation and β-catenin activation was seen in another single hepatocellular adenoma. One carcinoma remained unclassified.
By electron microscopy, the pigmented material present within neoplastic hepatocytes had typical ultrastructural characteristics of lipofuscin, featuring polymorphic, electron dense, and granular material that is delimited within lysosomes ( Figure 5 ).
Of 19 lesions with available background liver for review, 89% had easily visible lipofuscin in the background liver. The grade of lipofuscin pigment deposition in the background liver of pigmented tumors showed an average score of 1.3 ± 0.8 (range of 0-2), and was significantly higher than that of the control group, which had an average score of 0.3 ± 0.6 (range of 0-2) (P = 0.0012).
Discussion
This study describes the morphological and genotype-phenotype characteristics of well-differentiated hepatocellular tumors with pigment and evaluates their association with atypia and malignancy. On the basis of our findings, pigment can be found in~25% of cases. In most cases, this pigment is light and can be overlooked when focusing on other aspects of making a diagnosis. However, cases with very prominent pigment accumulation (score of 3) were uncommon, accounting for only 6.4% of all cases. It is this latter category that is typically referred to as pigmented adenomas in the literature. [10] [11] [12] [13] [14] [15] [16] Because we noticed that pigmentation in hepatocellular neoplasms has a spectrum of intensity and distribution, and because of the lack of a clear delineation of what constitutes a 'heavily pigmented adenoma' in previous studies, we decided to include any lesion containing 'easily identifiable pigment' in this series, ie, lesions with pigment visible at 100 × magnification. Hence, the latter criterion was used in this study as a reproducible feature in all pigmented hepatocellular neoplasms. On the basis of our findings, the intensity of the pigment did not correlate with any specific clinicopathological features. In contrast to the small group of heavily pigmented lesions (3+), all pigmented lesions (1+ to 3+) constituted a distinct entity characterized by increased risk of atypia and malignancy and association with increased lipofuscin in the background liver. For these reasons, we propose including neoplasms with any amount of pigment that can be identifiable at 100 × magnification in the 'pigmented' category.
The immunophenotype of pigmented adenomas has not been systematically investigated but isolated reports describe both the inflammatory phenotype and β-catenin activated phenotype. 10, 15 The findings in this study demonstrate the immunophenotype in pigmented adenomas is heterogeneous. HNF-1α inactivation is the most common phenotype overall, and is the most common phenotype in the subgroups of hepatocellular adenomas without atypia and hepatocellular adenomas with atypia (hepatocellular neoplasm of uncertain malignant potential). In contrast, β-catenin activation was the most common phenotype in cases classified as hepatocellular carcinoma. Interestingly, two hepatocellular adenomas had somewhat less common phenotypes, one with concurrent β-catenin activation and inflammatory phenotype, and one with concurrent HNF-1α inactivation and β-catenin activation. Rare cases with similar mixed phenotypes have also been reported previously. 19 On the basis of our findings, pigmented tumors have a high association with atypia and malignancy. Overall, hepatocellular carcinoma or some degree of histological atypia was present in 59% of cases. Furthermore, in individuals with multiple hepatocellular neoplasms, it was only the pigmented lesions that showed changes of hepatocellular neoplasm of uncertain malignant potential or hepatocellular carcinoma. Malignant transformation of pigmented hepatocellular adenomas was also relatively common. These findings indicate that pigmented hepatocellular neoplasms have an increased risk of malignancy. This risk was even more striking in men, as all tumors in men were at least atypical and 67% were classified as malignant. This risk in men is unlikely to be entirely explained by the presence of pigment, as men with hepatocellular adenomas have a generalized increase risk of malignancy, which in some studies exceeds 10 times that of women. 20, 21 Our findings, however, suggest that this risk is even higher in males with pigmented neoplasms.
Electron microscopy findings show the pigmented material is lipofuscin. Although a few cases had spatial or specific intracellular localization of pigment (perivascular or pericanalicular), in most cases the pigment deposition was random (azonal). Glypican-3 is strongly positive in the lipofuscin material, highlighting an important potential diagnostic pitfall; this staining pattern of lipofuscin should be distinguished from the diffuse cytoplasmic staining of hepatocellular carcinoma.
The background livers in cases of pigmented tumors also contain significantly higher lipofuscin content, when compared with livers containing non-pigmented hepatocellular adenomas. This observation raises the possibility that lipofuscin accumulation in hepatocellular neoplasms may reflect genetic changes or environmental influences relevant to the entire liver. Of note, however, not all hepatocellular neoplasms arising in the livers with background lipofuscin were pigmented, but only the pigmented neoplasms were associated with atypia and malignancy. This suggests that lipofuscin accumulation in hepatocellular adenomas, regardless of its cause, serves as a marker for increased risk of progression towards malignancy.
Lipofuscin consists of highly oxidized lipids that accumulate in lysosomes as a result of cell aging and damage. Although lipofuscin occurs frequently in benign cells, it has been linked indirectly to carcinogenesis by its association with cell senescence and increased peroxisomal oxidation. [22] [23] [24] Both of these cell conditions, wherein lipofuscin is a morphological correlate, can result in carcinogenesis through oxidative damage to the DNA. For instance, carcinogenesis often arises in senescent cells that are still competent for replication. 23 Furthermore, in animal models, peroxisome proliferator-induced hepatocellular carcinogenic activity was associated with abundant lipofuscin accumulation in the background liver. 24 Although our findings suggest that lipofuscin accumulation in neoplastic hepatocytes is associated with atypia and malignancy, its exact pathogenetic role remains uncertain, but may be related to its role as an indicator of DNA damage through oxidation.
In summary, our data indicate that any degree of lipofuscin pigment is seen in up to 25% of hepatocellular adenomas, with 6% of cases showing heavy pigmentation (3+ staining), the latter group traditionally referred to as pigmented adenomas. Phenotypically, pigmented adenomas represent a heterogeneous group of tumors, with HNF-1α inactivation being the commonest phenotype. By electron microscopy, the pigmented material is most consistent with lipofuscin, whose accumulation in the lesions may be a byproduct of generalized increase in hepatic lipofuscin. Nevertheless, our data indicate that these lipofuscin-containing lesions have an increased risk of atypia and malignancy, with most classified as hepatocellular neoplasm of uncertain malignant potential or hepatocellular carcinoma. Male gender is especially associated with malignancy. Further studies are needed to understand what mechanisms place these lipofuscin-containing lesions at an increased risk of atypia and malignancy.
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